Abstract Mineral nitrogen fertilization has improved crop yield over the last century but has also caused air and water pollution. Reduction of nitrogen inputs and maintaining high yields are therefore essential to ensure a more sustainable agriculture. Improving the nitrogen use efficiency (NUE) of crops is therefore needed. Rapeseed, Brassica napus, depends on nitrogen fertilization due to its low NUE, with the ratio of plant nitrogen content to nitrogen supplied often not exceeding 60 %. Here, we review the major phenotypic traits associated with NUE in B. napus, with special emphasis on winter oilseed rape. We discuss the genetic diversity available and potential breeding strategies. The major points are the following: (1) rapeseed seed yield elaboration is complex, with overlapping phases of nitrogen uptake and remobilization during the crop cycle; (2) traits related to nitrogen uptake, such as root length and the amount of nitrogen absorbed after flowering, and traits related to nitrogen remobilization, such as the "staygreen" phenotype, have been identified as possible levers to improve NUE in rapeseed; (3) a substantial body of studies investigating the genetic control of NUE traits have already published and potential candidate genes identified; and (4) rapeseed genetic diversity may be enriched by exploiting interpopulation genetic variation and the closely related gene pools of Brassica rapa and Brassica oleracea.
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Introduction
In the past century, the invention and up-scaling of the Haber-Bosch process for manufacturing mineral nitrogen (N) fertilizers and the application of these fertilizers to modern agriculture have been crucial in achieving the high yield levels that are possible in today's agricultural production. However, the impact of nitrogen fertilizers on the environment has not always been positive (Tilman et al. 2002) . Although progress has been made to optimize N fertilization, more than half of the worldwide N applied to crops is currently lost into the environment (Lassaletta et al. 2014) . Noteworthy, amounts of N are not removed from fields during harvesting and escape from the agricultural production system through run-off, nitrate leaching, or as volatile nitrous oxide or ammonia, causing environmental damage (Billen et al. 2013) . Moreover, mineral fertilizer production itself depends significantly on fossil energy, leading to additional greenhouse gas emissions and rising fertilizer costs. In addition, in the last 2 decades, especially in western European countries, overall crop yield increases have become partially decoupled from N fertilizer inputs (Conant et al. 2013; Lassaletta et al. 2014) and increases in N fertilization have led to relatively low gains in seed yield.
Increasing population levels and per capita consumption will require further significant gains in production to meet food and nonfood demand, but such gains will also impact the environment (Tilman et al. 2002) . Reducing N inputs while maintaining high seed yield levels is therefore essential to ensuring sustainable agriculture in the future. This challenge must be approached not only at the agro-economic scale with the optimization of crop rotations, the use of sensor-based adjustments to fertilizer application, and a well-dosed integration of crops and livestock systems (Lassaletta et al. 2014 ) but also through the improvement of the intrinsic nitrogen use efficiency (NUE) of the crops themselves (Hirel et al. 2007) .
A basic definition of NUE was given by Moll et al. (1982) -NUE is the seed yield that is produced per unit of available N. Total NUE may be divided into two components: (1) nitrogen uptake efficiency (NUpE), which describes the ability of the plant to capture N from the soil, and (2) nitrogen utilization efficiency (NUtE), the ability to utilize the absorbed N to produce seeds (Moll et al. 1982) . At the plant level, nitrogen uptake efficiency incorporates trait effects such as root morphology and transporter activity, while nitrogen utilization efficiency is the result of all processes that contribute to the capacity of the plant to assimilate and remobilize N into the seeds (also referred to as nitrogen remobilization efficiency; Masclaux-Daubresse et al. 2010) .
Although the definition of NUE is well established, its estimation is more complex, since this variable can be approached at different levels (previously reviewed by Good et al. (2004) , Rathke et al. (2006) , and Han et al. (2015) ). Agronomic nitrogen use efficiency may be considered as the direct increase in seed yield per additional unit of N fertilizer (Good et al. 2004; Rathke et al. 2006) . Physiological nitrogen use efficiency, on the other hand, is calculated as the nitrogen/ carbon balance in the shoots at harvest, determined by measuring the relationship between the biomass and the N content of the shoots (Good et al. 2004) . Finally, for determination of intra-plant N allocation, N flux measurements based on isotope labeling techniques ( 15 N) allow precise assessment of N dynamics throughout a plant's organs. While several publications have dealt with nitrogen use efficiency in general (Moll et al. 1982; Good et al. 2004; Fageria and Baligar 2005; Hirel et al. 2007; Xu et al. 2012; Vincourt 2014; Han et al. 2015) or have focused on special issues such as root-based approaches (Garnett et al. 2009 ), here, we will focus on nitrogen use efficiency in rapeseed (Brassica napus L.).
Rapeseed is a crop of major economic importance, mainly grown for its oil-rich seeds (Fig. 1) . The seeds are used for human consumption as well as for industrial purposes, and the seedcake serves as an important protein source in livestock feeding (Berrocoso et al. 2015) . Rapeseed is the third most important worldwide oil crop, behind soybean and palm oil. Over a 10-year period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , rapeseed was produced on 30.94 M ha worldwide, mainly in Canada (6.53 M ha), China (6.96 M ha), the European Union (7.75 M ha), Australia (1.75 M ha), and the USA (0.48 M ha). Within the European Union, France (1.43 M ha) and Germany (1.40 M ha) are the countries with the biggest oilseed rape production area (Food and Agriculture Organization of the United Nations 2013). Oilseed rape has a high value in crop rotation, exerting a strong positive influence on yields of subsequent cereals such as wheat (Christen et al. 1992 ) and barley (Christen and Sieling 1993) . However, rapeseed production requires high inputs compared to other crops, particularly N inputs (Rathke et al. 2005) . Indeed, despite its capacity to absorb N from the soil during the autumn, which allows its use as a catch crop, rapeseed is often described as a crop with poor N-efficiency and low seed production per unit N applied, which is around half that for cereals (Sylvester-Bradley and Kindred 2009) . Improving the NUE of rapeseed is therefore crucial to ensure the competitiveness of this crop at agronomic, environmental, and economic levels.
In this article, we review aspects of NUE improvement with special emphasis on winter oilseed rape. We outline crucial elements of the physiological N dynamics of rapeseed throughout the crop cycle that need to be considered during research and breeding, and we connect them with the potential genetic diversity available in the species. We then discuss the possible improvement of NUE in rapeseed through plant breeding and the use of new genetic, genomic, and phenotyping technologies and information.
2 Rapeseed shows a low apparent nitrogen use efficiency 2.1 Plant growth, nitrogen absorption, and yield elaboration make a complex story in winter rapeseed Seed yield per unit area is a complex trait that results from a combination of several components including plant density, the number of branches per plant, pod number per branch, seed number per pod, and single-seed weight (Diepenbrock 2000) . Sequential determination of the yield components allows us to divide the rapeseed crop cycle into two overlapping phases: the establishment of the yield potential on the one hand and the expression of the yield potential on the other (Fig. 2) .
During the vegetative growth phase in the autumn and winter, the dynamics of leaf area index (LAI) depend mainly on radiation interception and radiation use efficiency. Soil N availability also affects the leaf area index and depends on the pedo-climatic conditions: In temperate climates, soil N mineralization may be enough to cover the plant's N needs during autumn, but in colder areas, N fertilization may be needed. The root system develops quickly after seedling emergence, and mineral N is efficiently absorbed from the soil and incorporated into the vegetative biomass. For instance, rapeseed shows high nitrogen uptake efficiency in the early stages, with up to 100 kg N ha −1 being absorbed. This makes it a valuable catch crop during autumn (Rossato et al. 2001) . Plant biomass increases dramatically over this first period. Simultaneously, N is remobilized from older to younger leaves due to sequential senescence, which promotes the initiation of foliar primordia as early as the end of autumn. As a consequence, the numbers of branches, photosynthetic leaves, flowers, and ovules are partly determined before the end of winter (Fig. 2 ). This in turn predetermines the final seed number per square meter, a variable that is highly correlated with seed yield. Nitrogen stress during autumn may therefore negatively affect the final yield. During winter, a part of the leaf area produced during this first period can be destroyed by freezing, leading to a b c d e Fig. 1 Winter oilseed rape from autumn to harvest. Pictures of winter oilseed rape taken in autumn (a), in spring (b), with a detail of one floral spike (c), and before harvest (d). A sample of seeds (e) important N losses of 2-3.5 % of the fallen leaves' dry weight (Malagoli et al. 2005a) .
A new leaf area index is generated during the spring from the beginning of stem elongation to flowering. Soil N availability during spring development thus greatly affects leaf area index expansion and duration. During this period, N is actively remobilized from senescing leaves to younger leaves and stems (sequential senescence) and then to pods and seeds (monocarpic senescence) (Fig. 2) . From the flowering stage onward, leaves are no longer produced, and the onset of senescence occurs quickly, with leaves showing different remobilization ability depending upon their position on the main stem (Malagoli et al. 2005a) . In parallel, photosynthetic activity is partly ensured by the pod area index. In addition, the N pool is also maintained through N reabsorption from leaves that have fallen during autumn, with an uptake efficiency that can reach 40 % of the N content of the fallen leaves (Dejoux et al. 2000) .
Nevertheless, the ratio of plant N content to supplied N does not usually exceed 50 to 60 % in rapeseed (Malagoli et al. 2005a) . As a consequence, a major problem is the large N surplus, which represents a significant shortfall for farmers and has negative environmental impacts. Breeding for Nefficient rapeseed varieties is therefore a key objective for improving the economic and environmental competitiveness of the crop. As shown in Fig. 2 , breeders must investigate a number of critical processes in order to identify and select for optimal N dynamics and plant development throughout the Fig. 2 Rapeseed N dynamics over the crop cycle. The figure depicts the interconnected relationships between plant growth, N dynamics, and yield elaboration over the crop cycle. N uptake is represented by blue arrows whose width indicates the relative amount of N absorbed at a given time point. N losses are shown with black arrows whose width indicates the relative amount of N lost at a given time point. The critical stages for the final establishment of nitrogen use efficiency (NUE) are noted as follows: preflowering nitrogen uptake efficiency (NUpE) and sequential nitrogen remobilization efficiency (NRE) (1); post-flowering nitrogen uptake efficiency (NUpE) (2); sequential and monocarpic NRE during the flowering and seed filling periods (3); and the interactions between NUE, leaf area index (LAI), and pod area index (PAI) (4). Thousand seed weight (TSW) crop cycle. These include (1) preflowering nitrogen uptake efficiency and nitrogen remobilization efficiency, to ensure the establishment of the yield potential, (2) post-flowering nitrogen uptake efficiency, to maintain an N pool in the plant during the seed filling stage, (3) the nitrogen remobilization efficiency associated with the sequential and monocarpic senescence processes from flowering onwards, to develop the crop yield potential, and (4) the interactions between nitrogen balance and carbon balance, involving photosynthetic variables such as leaf area index, pod area index, and radiation use efficiency.
NUE
2.2 There is scope to improve nitrogen use efficiency in rapeseed by building on existing genetic diversity Brassica napus L. (2n = 4x = 38, AACC) resulted from a recent spontaneous interspecific cross between Brassica rapa (2n = 2x = 20, AA) and Brassica oleracea (2n = 2x = 18, CC) (U 1935). The short domestication history of this species and the concentrated breeding efforts made during the 1970s to improve the quality of its oil led to a reduction in the genetic diversity of modern rapeseed (Hasan et al. 2005 ). In addition, rapeseed exhibits strong eco-geographical differentiation into spring and winter forms, with the former being commonly grown in northern latitudes and in Australia, whereas the latter are primarily cultivated in Western Europe (Bus et al. 2011) .
Inbred varieties dominated rapeseed production until the early part of this century, meaning that genetic diversity for NUE has been specifically implemented in inbred line breeding. Different inbred lines grown under contrasting N nutrition levels typically exhibit three kinds of genotypic responses, namely (1) inefficient nonresponding genotypes that show low yields in both limited nitrogen (N−) and optimal nitrogen (N+) conditions, (2) inefficient responding genotypes with high yields in N+ conditions but poor yields in N− conditions, (3) efficient responding genotypes that show high yields in both N− and N+ conditions, and (4) efficient nonresponding genotypes that are superior under N− but under average under N+ conditions (Fig. 3) .
The switch to the near-exclusive breeding of F1 hybrid rapeseed varieties during the past decade has provided new genetic combinations that can be exploited for NUE improvement. For instance, Kessel et al. (2012) compared the seed yield responses of modern cultivars, hybrids, synthetic B. napus accessions, and old cultivars with changes in N conditions. That study found that selection for high yields indirectly enhanced NUE and that hybrids were the most productive genotypes whatever the N nutrition conditions. Several studies have already explored the genetic diversity of N-related rapeseed traits under field and controlled conditions, in both spring (Yau and Thurling 1986; Rengel 2005, 2006; Balint et al. 2008a ) and winter cultivars (Schulte auf'm Erley et al. 2007; Berry et al. 2010; Schulte auf'm Erley et al. 2011; Kessel et al. 2012; Ulas et al. 2013; Lee et al. 2015) . Combining the genetic diversity of the spring and winter gene pools by using backcrosses, for example, may be able to enrich genetic variation for NUE improvement. Moreover, introgression of subgenomic variation from B. rapa or B. oleracea, as performed by Seyis et al. (2003) , and the synthesis of new-type B. napus using other oilseed Brassica species (Wang et al. 2014 ) may also be able to provide new variation for NUE breeding.
In summary, despite the decrease in diversity among modern cultivars, there is potential to introduce new variation into Rectangles highlight the responding and/or efficient genotypes according to Nyikako et al. 2014 (in red and blue, respectively) the rapeseed gene pool for NUE improvement. This may be achieved by combining interpopulation genetic variation, as with the combination of diversity from spring and winter cultivars, or by the creation of F1 hybrids, or by exploiting closely related gene pools to create resynthesized rapeseed lines, or through the introgression of subgenomic variation into the B. napus genome.
3 Factors related to nitrogen absorption and remobilization show genetic diversity in rapeseed 3.1 Seed yield is a good indicator of nitrogen use efficiency in rapeseed
Improving seed yield under low N nutrition levels is a key step toward improving NUE (Good et al. 2004) , and yield estimation under different N regimes can be used as an indicator of global NUE (Fig. 3 ). In addition, the harvest index, defined as the ratio of seed weight to total plant dry matter, and the nitrogen harvest index, defined as the ratio of seed N to total plant N at harvest, can also serve as indicators of the capacity to mobilize N and C to produce seeds. However, these indicators are complex variables that can only be acquired at the end of the crop cycle. They thus incorporate all the additional processes occurring during the crop cycle, such as plant growth, abiotic stresses, and biotic pressures, which affect their usefulness for estimation of the overall NUE. A possible strategy proposed by Thurling (1991) involves dissecting complex traits into simpler variables that can be assessed throughout the crop cycle. Recent results from Miersch (2014) suggest that the use of hybrids with a semidwarf growth habit maybe an effective strategy to increase NUE in oilseed rape. That study compared 75 semidwarf hybrids and 75 normal hybrids derived from sister doublehaploid lines crossed with the same maternal tester, evaluated at two locations under two nitrogen fertilization levels. The results revealed higher nitrogen uptake efficiency, nitrogen utilization efficiency, and seed yields in the semidwarf hybrids under low N and similar seed yields at high N. The lower straw yield of the semidwarf hybrids led to an improvement in the harvest index and in nitrogen utilization efficiency at both N levels.
Nitrogen uptake efficiency must be improved to maintain a high preanthesis plant nitrogen pool
Several studies have reported that nitrogen use efficiency is more strongly correlated with nitrogen uptake efficiency than with nitrogen utilization efficiency under limiting N fertilization in field conditions (Berry et al. 2010; Schulte auf'm Erley et al. 2011; Nyikako et al. 2014; Miersch 2014) . This suggests that enhancement of rapeseed performance under low N nutrition primarily requires improvement of nitrogen uptake efficiency. In other words, the amount of N effectively remobilized from the vegetative parts to the seeds during the seed filling period is conditioned by the pool of available N in the aerial biomass. In support of this assumption, using a set of 29 diverse winter oilseed rape accessions grown under semicontrolled conditions, we recently demonstrated an exclusive positive relationship under low N fertilization between the relative aboveground biomass N content at flowering and NUE (r = 0.37, P = 0.047), measured as seed yield per unit of mineral nitrogen available in the soil ( Fig. 4a ; Stahl et al. 2015) . Leaf N content of the same genotypes, measured at flowering, also exclusively showed a significant correlation with NUE (r = 0.48, P = 0.008) at the low N level ( Fig. 4b ; Stahl et al. 2015) .
In winter oilseed rape, nitrogen uptake efficiency needs to be investigated primarily at the beginning of the crop cycle, since a quarter to a third of the total N uptake occurs before winter (Cramer 1993 ) and most of the root system is fully developed before flowering (Barraclough 1989; Rahman and McClean 2013; Le Deunff and Malagoli 2014) . Generally, the absorption of mineral ions by the plant depends primarily on their availability, which is defined by the quantity of ions present in the soil, the capacity for ion exchange between soil and solute, and the ability of the roots to take up the minerals. In the case of nitrate (NO 3 − ), the main source of mineral N absorbed by plants, soil retention is low and roots have a broad action perimeter spanning several centimeters. Nitrogen absorption therefore depends essentially on soil hydric reserves, the volume of soil investigated by the roots, and the capacity for N absorption per unit root length.
Different studies have assessed genetic variation for root mass, root length, and root/shoot ratio in commercial winter rapeseed varieties and doubled haploid lines at early stages of development and at flowering, under both field and controlled conditions (Kamh et al. 2005; Schulte auf'm Erley et al. 2007; Rahman and McClean 2013) . All of these studies stressed the importance of root length over total root biomass. In our set of 30 diverse winter rapeseed accessions, we found additional evidence of variation in the response of the total root dry weight to N constraints at harvest (Fig. 5) . As root growth and maintenance are energetically costly, root architecture is a lever to optimize the balance between nitrogen absorption ability and metabolic cost (Lynch 2014) . From this perspective, increasing the root surface by increasing fine root density has been considered as one possible strategy in other crops (White et al. 2013 ) such as maize (Wiesler and Horst 1994) , faba beans (Kage 1997) , and Kentucky bluegrass (Sullivan et al. 2000) .
Assessment of the root architecture of winter oilseed rape genotypes revealed considerable genetic variation for the proportion of fine roots ( Fig. 6 ; A. Stahl and R. Snowdon, unpublished data) . In addition, contrasting root exploration profiles were observed in two winter rapeseed ideotypes under field conditions (Albert et al. 2008) , but the study of such traits remains difficult and needs considerable improvement.
Although Kamh et al. (2005) suggested that the nitrogen uptake efficiency of rapeseed is primarily determined by root growth rather than by the N uptake rate per unit of root surface, this latter trait still must not be neglected. Genetic variation in the activity of various nitrate and ammonium transporters, which move N across membranes, could be relevant for nitrogen uptake efficiency in rapeseed (Schulte auf 'm Erley et al. 2007 ) and should be further studied (reviewed in Xu et al. 2012) .
Although a large proportion of acquired N is absorbed and stored in the shoot during the vegetative stage, N absorbed after flowering and during the seed filling period contributes to the available plant N pool, maintaining the global functioning of the plant, and it may be remobilized later in the seeds. The notion that N uptake after flowering is negligible in rapeseed was questioned by Wiesler et al. (2001) , who compared two winter oilseed rape ideotypes that follow two different models of N use: cultivars with better remobilization of N taken up before flowering, named the "improved traditional ideotype," and cultivars with a higher nitrogen uptake efficiency during the reproductive stage, the so-called "alternative ideotype." The study concluded that the "alternative ideotype" offered a greater prospect for improving the global NUE of rapeseed, because seed yield was correlated with N uptake during reproductive growth and with the photosynthetic activity of the leaves at the end of flowering. This was confirmed by several studies performed in the field that showed that postflowering nitrogen uptake efficiency had a significant effect on total NUE and that this period was the most important phase in discriminating varieties in terms of yield (Berry et al. 2010; Schulte auf'm Erley et al. 2011; Ulas et al. 2013 ). More precisely, Malagoli et al. (2005a) showed that 30 % of the total plant N of a genotype grown in field conditions was absorbed during seed filling, even though this represented only 27 % of the total seed N. However, to our knowledge, no study of rapeseed has associated nitrogen 
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N- Fig. 4 Correlations between NUE and N content in the total aboveground biomass (a) and the leaves of rapeseed genotypes at the flowering stage (b). Data were acquired from 29 winter rapeseed genotypes grown under semicontrolled conditions under two contrasting N nutrition regimes (Stahl et al. 2015) uptake efficiency with soil N resources at critical developmental stages, such as flowering and seed filling. This may bias the actual estimation of the efficiency of post-flowering nitrogen uptake.
The post-anthesis nitrogen balance between source organs and sink organs needs optimization
Flowering is a paroxysm of change from the vegetative to reproductive stage, initiated in rapeseed at the end of autumn during floral initiation (Fig. 2) . This phase is characterized by a massive change in source-sink relationships. During flowering, the vegetative plant segments switch from being sink organs to source organs, with associated modifications in the N fluxes from older to younger tissues and to the reproductive organs (Le Deunff and Malagoli 2014) . Labeling studies in Arabidopsis thaliana (Taylor et al. 2010 ) and B. napus (Rossato et al. 2001; Malagoli et al. 2005a) showed that the N accumulated in the seeds at harvest originates mainly from the degradation of proteins in vegetative plant segments. phase sequentially, multiple overlapping source-sink situations are possible in rapeseed. This asynchrony between N source availability in old leaves and N requirements in seeds, along with incomplete protein hydrolyzation in the source organs, can lead to noteworthy N losses from fallen leaves (Aufhammer et al. 1994; Diepenbrock 2000; Rossato et al. 2001; Malagoli et al. 2005a; Ulas et al. 2013; Avice and Etienne 2014) . Leaf senescence is therefore a critical stage at the intersection of N uptake and N remobilization in the reproductive organs (Schulte auf'm Erley et al. 2007 ).
Following the senescence process in rapeseed
Avice and Etienne (2014) pointed out the difficulty of precisely determining the progress of the senescence process. Direct measurement of leaf chlorophyll content is commonly used to monitor leaf senescence. For instance, the SPAD meter value (Soil Plant Analysis Development) is an efficient nondestructive way to access leaf chlorophyll content by measuring the light transmittance of a sample (Wood et al. 1992 ). This may be why Schulte auf'm Erley et al. (2007) observed a good correlation between SPAD meter values and photosynthetic rate in rapeseed. In addition, several other biomarkers have been set up for evaluation of leaf senescence. For instance, Gombert et al. (2006) developed a molecular method based on the kinetic expression of two genes that are upregulated (SENESCENCE ASSOCIATED GENE 12; SAG12) or downregulated (CHLOROPHYLL a/b-BINDING PROTEIN; Cab) during leaf senescence. The inversion of the relative expression levels of these two genes defines the onset of leaf senescence. More recently, it was demonstrated that cellular structural changes associated with leaf senescence can be monitored by noninvasive 1 H-NMR relaxometry (Musse et al. 2013; Sorin et al. 2015) . In addition, the NMR signal captured chloroplast dismantling and was therefore judged to be a precise indicator of leaf senescence (Sorin et al. 2015) ; it has been tested on two genotypes showing contrasting responses to N depletion (Sorin et al. 2016 ). a b Fig. 6 Comparison of root morphology at harvest between winter oilseed rape genotypes grown under semicontrolled conditions with low N input. Cultivar "Expert" showing few lateral roots (a). Cultivar "Groß Lüsewitzer" with intense lateral root network (b). Both pictures were taken on the day of seed harvest and represent the roots from nine container-grown plants grown with low N-fertilization levels (75 kg N ha −1 as an equivalent) (A. Stahl and R. Snowdon, unpublished data) 3.3.2 The "stay-green" phenotype may offer an opportunity for improvement of source-sink relationships
The "stay-green" phenotype, designating those plants with altered chlorophyll catabolism (Gregersen et al. 2013) , often refers to crop species with delayed leaf senescence (Thomas and Ougham 2014) . It is correlated with higher NUE in several species including A. thaliana, maize, and wheat (Spano 2003) . Indeed, maintaining a high photosynthetic activity may allow the plant to carry on producing carbohydrate nutrients during the late stages of the crop cycle. Further remobilization to younger organs and seeds may eventually increase the final yield (Habekotté 1993) . Examples of the relationship between the staygreen phenotype and seed yield in several species were given by Gregersen et al. (2013) . However, the stay-green phenotype is not necessarily related to prolonged photosynthetic activity. Indeed, in many cases, this phenotype reflects an altered chlorophyll catabolism but with other senescence processes intact (Thomas and Howarth 2000) . Hence, studies in rice and wheat reported no significant correlation, or even a negative correlation, between staygreen and seed yield (see Gregersen et al. 2013 and references therein).
Along with leaf area index and radiation use efficiency, the stay-green phenotype in rapeseed is expected to be related to the temporal span of nitrogen uptake efficiency during the reproductive stage (Diepenbrock 2000; Rathke et al. 2006) , and it may be a source of genetic variation for enhancement of NUE. For instance, Schulte auf'm Erley et al. (2007) found significant genotypic differences in leaf senescence when comparing six contrasting, N-efficient winter oilseed rape accessions in nutrient solution experiments and in field conditions. In particular, positive correlations were found between delayed leaf senescence and N efficiency. In addition, Wiesler et al. (2001) found that the most N-efficient cultivar in their study showed better photosynthetic capacity at the end of flowering. Grafting experiments revealed that homeostasis of biologically active cytokinins was the predominant leaf-inherent feature exhibiting genetic variation in N-limitationinduced leaf senescence (Koeslin-Findeklee et al. 2015a). However, unlike in other crop species such as cereals, pod photosynthetic activity increases after flowering in rapeseed, making the relative contribution of leaf photosynthetic activity less important (Gammelvind et al. 1996) . Besides, late N remobilization may lead to greater N losses through a combination of leaf loss and a high N/C ratio in stems at harvest (Kaiser et al. 1998; Baggs et al. 2000) . Hence, the superior N efficiency of hybrids compared to inbred lines, when studied under N limitation, is mainly related to nitrogen remobilization efficiency and not to delayed leaf senescence (Koeslin-Findeklee et al. 2014 ).
Nitrogen remobilization efficiency in rapeseed
According to Malagoli et al. (2005b) , optimizing nitrogen remobilization efficiency from vegetative to reproductive tissue could improve seed yield by 15 %. In this case, nitrogen remobilization efficiency could be enhanced by synchronizing N source availability and N demand in the seeds. In rapeseed, the stems have been described as N-storage buffer organs that could improve this synchronization (Hocking et al. 1997; Rossato et al. 2001; Malagoli et al. 2005a ). According to Girondé et al. (2015) , a high amount of N in the stems at the beginning of the reproductive stage, and better N remobilization from the stems to the seeds, are characteristic features of high nitrogen remobilization efficiency. There is evidence for genetic variation in N stem remobilization in rapeseed (Berry et al. 2010; Girondé et al. 2015) , but that variation is not always correlated with nitrogen utilization efficiency under low N supply. This finding was confirmed by data from diverse winter rapeseed accessions grown under low and high N fertilization, where the N content in the stems at flowering was not significantly related to nitrogen utilization efficiency (Fig. 7) . In contrast, the N content in stems after seed harvest was negatively correlated with NUtE under both N conditions. At high N fertilization levels, the Pearson coefficient of correlation (r = -0.681, P<0.001) was much stronger than at low N fertilization levels (r = -0.399, P = 0.036). Moreover, it was shown that while the N content in stems varied at flowering between the fertilization levels, it was similar at maturity (Stahl et al. 2015) . Tilsner et al. (2005) showed that the phloem loading of amino acids was not limiting for nitrogen remobilization efficiency, and they hypothesized that sink capacity rather than source strength was the main bottleneck for N remobilization in rapeseed. The final sink capacity of rapeseed can be enhanced primarily through the improvement of the yield components per se. This was corroborated by several studies showing significant correlations between harvest index and nitrogen utilization efficiency (Berry et al. 2010; Schulte auf'm Erley et al. 2011; Nyikako et al. 2014; Stahl et al. 2015) , demonstrating that increasing the sink capacity for N and C would increase the harvest index. Increasing the total amount of protein in the seeds may be another way to enhance the sink strength and the final nitrogen utilization efficiency of rapeseed. Several studies have shown that genotypes with high nitrogen utilization efficiency values are characterized by low relative seed protein content (Schulte auf 'm Erley et al. 2011; Koeslin-Findeklee et al. 2014) . Schulte auf'm Erley et al. (2011) showed that genotypes with lower seed N content accumulated more seed dry matter for a given amount of N accumulated, possibly because of a higher photosynthetic rate in the pods or a higher efficiency of oil production.
At the molecular scale, an accumulation of the protease inhibitor BnD22 was observed in younger leaves in a low N context. BnD22 acts as a protector of chlorophyll when combined with other water-soluble chlorophyll-binding proteins (WSCPs), significantly delaying leaf senescence and ensuring maintenance of leaf sink strength (Etienne et al. 2007 ).
Defining the ideotype of a nitrogen-efficient rapeseed
Both N absorption and N utilization must be considered in attempts to improve the global NUE in rapeseed ). These two factors can be deconvoluted into subtraits which, when studied in detail, show a wide range of individual genetic variability.
Canopy architecture, involving interactions among the organs of a single plant as well as interactions among plants, must also be considered in developing efficient NUE breeding programs. For instance, at the end of flowering, leaf insertion and plant density may impact the total leaf area index and the photosynthetic activity of the lower leaves (Malagoli et al. 2005a) . Habekotté et al. (1997) recommended combining traits such as high leaf area index, apetalous flowers, and erect pods to maximize radiation interception and yield potential. However, direct comparison of an apetalous hybrid line and the corresponding petaled near-isogenic line revealed that seed yield was not significantly higher in apetalous plants, except when the plants were affected by Sclerotinia sclerotiorum (Zhao and Wang 2004) .
As shown previously, the sink-source relationship seems to be the key factor underlying N remobilization in rapeseed, given the species' indeterminate growth habit. The timing of each developmental phase therefore contributes significantly to the final N efficiency of the plants. Flowering defines the culmination of the switch of leaf function from N sink to N source, initiated at the end of winter, and it conditions the efficiency of N remobilization from vegetative to reproductive organs. According to Malagoli et al. 2005a , an ideal genotype would exhibit early flowering in order to synchronize N mobilization with the N demand of the maturing pods. Especially at low N supply, this hypothesis was supported by Stahl et al. (2015) . On the other hand, early flowering may limit the vegetative growth of the plant and the amount of N accumulated before flowering, which could lead to a reduced N pool for subsequent remobilization. Unfortunately, due to these and other pleiotropic effects associated with the modification of flowering behavior, optimizing this physiological tradeoff between N uptake and remobilization capacity can be a complicated procedure for breeders.
Accounting for interactions between nitrogen and carbon metabolism is essential when considering NUE. In rapeseed, this interaction is particularly relevant in relation to the negative correlation between oil and protein content of the seeds (Bouchet et al. 2014; Stahl et al. 2015) . Because the main breeding objective is oil yield, both of these traits have to be considered in breeding programs because the protein component represents the major N sink. Indeed, an N-efficient genotype may result in a lower oil/protein ratio, especially under high N conditions, which may not be in line with present breeding goals. With this in mind, Masclaux-Daubresse et al. (2010) suggested that breeding for delayed senescence could lead not only to higher yields but also to a decrease in nitrogen remobilization efficiency and protein content.
The study of Fei et al. (2013) indicated an inverse relationship between seed oil content potential on the one hand, and biomass, C, and N accumulation on the other. Hence, the partition of mobilized C and N from vegetative biomass to seeds seems to determine the realized seed oil content much more. Selection for this aspect would allow lower N fertilizer inputs and still produce high oil yields. From an agroeconomical perspective, it is also worth considering the high value of rapeseed protein, in light of its added benefit as an N sink, for improved resource efficiency. Fig. 7 Correlation between nitrogen utilization efficiency and N content in the stems at flowering (green) and maturity (yellow), measured on 28 WOSR accessions at high (left) and low (right) N fertilization (data from Stahl et al. 2015) . Gray shaded area depicts 95 % confidence interval 4 Advances in breeding for nitrogen-efficient rapeseed with optimized oil yield
Breeding strategies must be oriented to genotype-by-environment interactions
Defining the environments where selection is performed (selection environments) and the environments where the future variety will be grown (target environments) are key issues driving breeding strategies. On the one hand, the objective of a breeding program may be the creation of varieties adapted to specific environments. In the case of so-called direct selection, the selection environment should be very similar to the target environment. On the other hand, in the case of indirect selection, the creation of varieties adapted to a broad range of target environments requires a range or a set of diverging selection environments. In the latter situation, the question arises whether the selection of a trait in one environment can be transposed to another. Genotype × environment (G × E) interactions are therefore crucial in plant breeding and have been extensively studied in many crops.
In the case of NUE, the breeding strategy depends upon the stress level of the target environment and the loss of yield between the selection and target environments. In maize, Bänziger et al. (1997) found that direct selection was preferable when grain yield loss between the selection and target environments exceeded 43 %. A moderately N-stressed target environment, with a high genetic correlation between the selection and target environments, may therefore allow for indirect selection (Cormier et al. 2013) . In rapeseed, studies reporting interactions between genotypes and the N nutrition regime (G × N) remain scarce. Miro (2010) found significant quantitative trait locus (QTL) × N interactions for most yieldrelated and NUE-related traits, whereas Gül et al. (2002) and Bouchet et al. (2014) found relatively consistent control of yield by QTLs between different N nutrition conditions. In addition, the QTL values detected in Miro (2010) and Bouchet et al. (2014) varied between the different trials, demonstrating a strong effect of other environmental factors on Nefficiency loci. In fact, direct selection appears to be a convenient strategy for NUE breeding in rapeseed (Kessel et al. 2012) , an observation that has also been reported for wheat (Brancourt-Hulmel et al. 2005) .
Evaluating G × N interactions by characterizing plant N stress in each study environment is a prerequisite for determining the best breeding strategy for NUE-related traits. In forage grass, Lemaire et al. (1984) assessed the negative relationship between crop biomass and the minimum N concentration necessary to produce the maximum aboveground biomass (the critical N concentration). With this equation, a theoretical critical dilution curve could be established, corresponding to the ideal nitrogen nutrition status for a range of aerial biomass values. The ratio between the observed N concentration of a plant sample and the critical N concentration at a given aerial biomass, called the nitrogen nutrition index (NNI), provides information on the N status of the studied sample. This index is commonly used in major crop NUE studies. Colnenne et al. (1998) established a nitrogen dilution curve for rapeseed. Although based only on a single wintertype variety (Goeland) grown in different pedo-climatic regions of France, this curve remains the standard for evaluating N nutrition status in rapeseed. We found a strong significant correlation between the NNI and the average seed yield of a winter oilseed rape diversity set grown in five environments (Fig. 8) .
Identification and characterization of nitrogen efficiency loci in rapeseed

Genetic control of traits related to seed yield
The genetic control of yield-related traits has been extensively studied in rapeseed using statistical tools such as linkage mapping and linkage disequilibrium analyses (genome-wide association studies; GWAS), resulting in the identification of thousands of QTLs associated with yield in different genetic backgrounds and environments. The integration of those data into meta-analyses may allow the identification of important genomic regions that are potentially usable in breeding programs. For example, Zhou et al. (2014) integrated information from 1960 QTLs for seed yield traits that were detected in 15 independent studies, identifying 142 loci that were conserved between the different analyses, including 25 multifunctional loci. Such information represents a first step toward the identification of candidate genes, although fine mapping is complicated in rapeseed by the highly complex genome, the long generation time, and the low recombination rates. Some genetic analyses have investigated the genetic control of yieldrelated traits under N stress per se (Gül 2002; Miro 2010; Bouchet et al. 2014 ), but to date, we are aware of no studies that describe the B. napus genome regions associated with NUE-related traits.
Genetic control of traits related to nitrogen uptake efficiency
Several studies have addressed the genetic control of root system vigor in B. napus in the context of adaptation to various environmental conditions (Rahman and McClean 2013) , especially drought stress (Fletcher et al. 2014 ) and phosphorous stress (Yang et al. 2010; Shi et al. 2012) . No potential pleiotropic relationships were found between flowering time and root vigor, root biomass, and root length, suggesting common genetic control (Rahman and McClean 2013; Fletcher et al. 2014) . In reciprocal crosses between spring-type and winter-type B. napus, Rahman and McClean (2013) hypothesized a trigenic dominant control of root vigor, based on the segregation ratio of F2 populations. Using linkage analysis on a population of recombinant inbred lines and a doubled haploid population, Yang et al. (2010) and Shi et al. (2012) detected QTL clusters for root length, lateral root number, root surface area, root biomass, and root volume that were specific to low-phosphorous treatments. Such studies provide the first insight into potentially interesting variation and its underlying genetic control, although care must be taken not to overestimate the importance of major QTLs in mapping populations from strongly differentiated parents, since such QTLs are often dependent on the specific genetic background, particularly in crosses between spring and winter forms.
Although they have been extensively studied in A. thaliana, little information is available on the genes responsible for variation in root-related traits and their regulation in response to N availability in rapeseed. In A. thaliana, root growth response to the availability of nitrate involves two distinct pathways (Zhang and Forde 1998; Zhang and Forde 2000) : a direct effect of external nitrate on the MADS-box transcription factor ARABIDOPSIS NITRATE-REGULATED 1 (Zhang and Forde 1998) and a systemic inhibitory effect by a basic leucine zipper and an LIM transcription factor (Tranbarger et al. 2003) . More recently, the N-responsive CLAVATA3/ESR (CLE) peptides and the CLAVATA1 (CLV1) leucine-rich repeat receptor-like kinase signaling module were identified as playing a crucial role in the development of the lateral root system in N-poor environments (Araya et al. 2013) . Additionally, the nitrate transporters NRT1.1 (Remans et al. 2006a; Krouk et al. 2010 ) and NRT2.1 (Little et al. 2005; Remans et al. 2006b ) are known to be crucial in nitrate sensing, independent of their uptake function (Malamy and Ryan 2001; Miller et al. 2007 ). Our studies indicate that different winter rapeseed varieties show different reactions to low and high nitrogen concentrations (Fig. 5) . The cultivar "Groß Lüsewitzer," for example, exhibited different seed yields under low and high nitrogen fertilization (19.78 vs. 28.70 g/ container) , while no such significant difference was observed in the "Major" cultivar (22.07 vs. 22.35 g/container). To our knowledge, however, no study so far has elucidated the detailed genetic control of root growth and nutrient responses in B. napus. New methods for automated phenotyping of root responses under controlled conditions (Hatzig et al. 2015) , in combination with high-resolution genome-wide association studies (Voss-Fels and Snowdon 2015) , may help in identifying interesting variants for breeding.
Genetic control of traits related to nitrogen utilization efficiency
As in many other crops, the activity of several enzymes has been associated with N metabolism in rapeseed. For example, Yea et al. (2010) found higher glutamine synthetase and nitrate reductase activity in N-efficient genotypes under N stress conditions. This was supported by Miro et al. (2010) , who found B. napus nitrate transporters, and other genes implicated in nitrate regulation, underlying N-responsive QTLs. Orsel et al. (2014) found 16 BnaGLN1 genes coding for cytosolic glutamine synthase in rapeseed. In addition, two homoeologous genes (BnSAG12-1 and BnSAG12-2) coding for SAG12, a cysteine protease implicated in N remobilization, were observed to reach maximum expression levels at early stages of senescence (Noh and Amasino 1999) . Another group of enhanced senescing genes is the LEAF SENESCENCE CLONE (LSC) gene family coding for glutamine synthase, cysteine protease, or metallothione. In contrast, Cab gene expression was found to decrease during senescence (Noh and Amasino 1999) . A recent study identified genes showing differential expression under high and low N conditions in rapeseed, revealing that genes related to photosynthesis, photorespiration, and cell-wall structure are repressed under N starvation, whereas genes related to mitochondrial electron transport and flavonoid synthesis show enhanced expression (Koeslin-Findeklee et al. 2015b) . The previously mentioned superiority of semidwarf hybrids with regard to nitrogen utilization efficiency was associated with two QTLs, on chromosomes A07 and A06, the latter of which is assumed to coincide with the B. napus dwarf mutation bzh (Miersch 2014) . The polyploid nature of B. napus implies the duplication of genes involved in NUE traits within the genome and their organization into large multigene families, with possible variations in spatiotemporal gene expression patterns. For instance, the 16 BnaGLN1 genes detected by Orsel et al. (2014) were organized into five distinct families that were differentially modulated according to N availability. Two gene families were upregulated under low N conditions and during leaf senescence, while one family was upregulated under high N conditions. Another family was not affected by the N nutrition level but showed higher expression in stems than in leaves. Faes et al. (2015) also demonstrated the differential expression of two subgroups of genes in the proline dehydrogenase gene family in rapeseed. These genes, ProDH1 and ProDH2, control proline catabolism, which is suspected to play a role in the remobilization of N from old to young leaves. While the ProDH1 genes were the most expressed subgroup at the plant level, and particularly in pollen and roots, the ProDH2 genes were characteristically expressed in the vascular tissues of senescing leaves.
5 Future directions for genetic improvement of nitrogen use efficiency
Taking advantage of heterosis
Hybrid cultivars are generally believed to be more N-efficient, especially under unfavorable conditions (Karamanos et al. 2005; Karamanos et al. 2006; Gehringer et al. 2007; Kessel et al. 2012) . Koeslin-Findeklee et al. (2014) compared the NUE of 11 inbred lines and seven hybrids over 2 years in field experiments and demonstrated the superiority of hybrids for both nitrogen uptake efficiency and nitrogen utilization efficiency, resulting in higher overall N efficiency.
In classical hybrid crops like maize or sunflower, strongly differentiated heterotic pools have been developed to systematically exploit heterosis in hybrid breeding. In rapeseed, the development of distinct genetic pools is difficult due to the comparatively narrow diversity in the elite cultivars and the history of inbred-line development . Introgression between the comparatively diverse genetic pools of winter, semiwinter, and spring forms, however, may make it possible to exploit heterosis. For instance, Qian et al. (2007) showed high heterosis for seed yield in hybrids between Chinese semiwinter pollinators and spring-type mother lines from Europe and Canada. Improvement of spring-type B. napus through the introgression of winter-type variability was also assessed by Kebede et al. (2010) , who demonstrated the heterosis effect of spring × winter doubled haploid lines over their parental lines. To avoid incompatibilities in developmental timing between these potential heterotic groups, Qian et al. (2007) suggested that the genetic material should first be adapted to the local environment before being hybridized. It should be noted that the genetic distance between heterotic groups, commonly used to determine the hybridization scheme, is often not correlated with the hybrids' performance.
Replacing subgenomes in new-type B. napus varieties by introgression from related Brassica species (Udall et al. 2004; Qian et al. 2007 ) represents another possibility for widening the global genetic diversity of B. napus by creating new allelic combinations and new intersubgenomic heterosis effects. For instance, NUE diversity of new-type B. napus doubled haploid lines resulting from interspecific crosses between spring B. napus lines, B. rapa, and B. carinata, along with traditional lines of B. napus, were tested under two N regimes by Wang et al. (2014) . The most N-efficient new-type B. napus doubled haploid line showed higher relative seed yield than that of the most N-efficient traditional line, suggesting that the introgression of exotic genome components conferred better responsiveness to N regime change on the new-type B. napus doubled haploid lines. This effect may indicate intersubgenomic heterosis for NUE. However, crossing between distant heterotic groups or exotic germplasm sources may also introduce undesirable traits, and these must be eliminated to ensure the success of the breeding program. Systematic construction of heterotic groups or hybrid breeding programs with a specific focus on N availability nevertheless has promise for creating combinations of complementary alleles with favorable NUE traits.
Predicting rapeseed genotypic values
Predicting the performance of nonphenotyped individuals based on genotypic values is of considerable interest, as it may save time for genotype evaluation, reduce the costs of field selection, improve the range of available genotypes, and ultimately raise the efficiency of breeding programs.
In rapeseed, Würschum et al. (2013) evaluated the potential of genomic selection for complex traits. Even with a small number of simple sequence repeats markers, a number of genomic regions with small effects were detected that had not been found with previous QTL-mapping approaches. As highdensity genotypic information becomes more readily available for rapeseed (Edwards et al. 2013; Snowdon et al. 2015) , prediction accuracy for complex traits will undoubtedly be further improved. In a first test of high-density genome-wide single nucleotide polymorphism (SNP) markers for genomic prediction in spring rapeseed, Jan et al. (2016) reported accurate prediction of general combining ability for seed yield and other traits in the pollinators used to generate large populations of test hybrids.
In contrast to marker-assisted selection, which is generally only successful for major genes or QTLs with large effects, genomic prediction is an appropriate method for preselection of breeding materials that have promising variation for complex traits like NUE. However, the question of the number of individuals to be tested for the prediction models remains crucial, especially if one wants to test them under multiple N conditions. Moreover, the development of genomic selection for NUE breeding programs may be markedly hindered by the effects of heterosis and G × E interactions, as shown previously, which remain challenging to integrate into the genomic selection models.
Recently, Snowdon et al. (2015) introduced the concept of heterotic haplotype capture, in which associations are sought between predicted heterozygous haplotype blocks in hybrids from large nested association mapping populations. These populations carry wide genetic diversity from exotic and synthetic founder lines, and their heterotic performance when crossed to maternal testers can be accurately predicted using genome-wide SNP data. The integration of previous information regarding NUE-related QTLs, functional genomic characterization of interesting heterotic haplotypes, and continually growing genome data based on the newly released B. napus genome sequence (Chalhoub et al. 2014 ) provides completely new opportunities to investigate the genetic basis of heterosis for NUE and yield. Given the high cost and effort involved in phenotypic screening of large breeding populations for NUE, prediction models for heterosis and yield performance are likely to play a major role in future NUE breeding programs.
Phenotyping for nitrogen use efficiency
The main prerequisites for correct evaluation of performance under low N nutrition are precise and high-quality phenotyping, along with correct estimates of plant N stress in different environments. So far, few tools are available for N stress evaluation at the canopy level. The nitrogen nutrition index calculation presented above has been used to create a tool that is now commonly used by French farmers (Parnaudeau et al. 2009 ). However, this method was developed on a single cultivar, in the context of French soil and climatic conditions, and so may not be transferable to other European regions or to other cultivars. Moreover, it is still difficult to routinely measure nitrogen nutrition index in diverse populations. Alternative, nondestructive methods for the estimation of plant N status, based on transmittance or fluorescence parameters, are reviewed by Muñoz-Huerta et al. (2013) .
Improvement of NUE traits in rapeseed involves comprehensive phenotyping procedures that are difficult to set up for large numbers of genotypes and environments. Increasing data storage and computing capacities have enabled the development of new high-throughput phenotyping tools, including automated phenotyping systems for both controlled environment and field experiments.
Nondestructive aerial biomass phenotyping tools, developed in the last decade based on color or spectroscopic imaging, have already been adapted to concrete applications in plant breeding . For instance, a QTL analysis based on features acquired from 3D reconstructions of the plant canopy and red-green-blue imaging was performed on pepper in 2012 (van der Heijden et al. 2012) . At the field scale, drones carrying onboard sensors allow dynamic acquisition of massive datasets throughout the crop cycle, including, for example, estimates of total plant biomass and leaf area index. By analyzing canopy structures under semicontrolled conditions, under contrasting N conditions in experiments that simulate field environments, we were able to estimate the NUE of rapeseed at the canopy level (Hohmann et al. 2016; Bissuel-Belaygue et al. 2015) . This allowed for the acquisition of information from sowing to harvest at the plant level, while also taking into account G × E interaction effects. Root phenotyping is more difficult to develop (Postma et al. 2014) .
Rhizotrons with cameras, cultivation on transparent matrices, and X-ray or magnetic resonance imaging methods are emerging approaches for exploring roots traits in 2D or 3D, but such techniques remain costly and are complicated to calibrate. To accelerate breeding programs, efficient methods and platforms to screen large breeding populations for meaningful variation at early stages of development would be immensely valuable. Thomas et al. (2016) compared a "pouch and wick" high-throughput phenotyping technique to evaluate root traits such as primary root length and lateral root density of 32 elite rapeseed cultivars, along with their root vigor and seed yield, in six field experiments. They concluded that primary root length was the best predictor of early vigor and final seed yield, and that measuring lateral root density could be an additional lever for the improvement of nutrient uptake in rapeseed. This technique was not evaluated under nutrient depletion, however. Balint and Rengel (2008b) showed that there was little consistency in the N-efficiency rankings of 12 rapeseed varieties between the vegetative and the reproductive stages, suggesting that a finer evaluation of key traits across several developmental stages should be conducted. Phenotypes have to be evaluated throughout the vegetation period until seed harvest (Fig. 2) to prevent the superiority of one trait being masked by the disadvantageous effects of another trait. A possible strategy for screening large collections is to use genomic selection to prescreen for potential genome-wide variation associated with nitrogen uptake efficiency, nitrogen utilization efficiency, and root traits (Cormier et al. 2013) . Preselection of candidates with high predicted NUE values can potentially reduce the number of breeding materials that need to be phenotyped in complex assays or field trials, thereby improving prospects for accurate selection at the top level of available NUE variation.
Conclusion
Research on NUE in rapeseed is still a priority in Europe and abroad. Large research projects investigating and generating genetic diversity for NUE in rapeseed have been recently completed or are currently in progress, in France ( R A P S O D Y N : w w w. r a p s o d y n . f r ) , i n G e r m a n y (PreBreedYield: Samans et al. 2013) , and in the UK (NUECrops: http://research.ncl.ac.uk/nefg/nuecrops/). Good et al. (2007) demonstrated the promise of alternative breeding technologies in generating new diversity by improving the NUE of rapeseed through the overexpression of a barley alanine aminotransferase gene in the roots. N efficiency is also now gaining importance in the marketing of new rapeseed varieties. In 2014, for example, a new rapeseed hybrid ("DKException") was promoted for its improved N efficiency, reflecting a growing interest in NUE from a commercial point of view. This commercial interest will encourage further scientific and technical investigations of NUE mechanisms in rapeseed, in order to ensure the economic and environmental sustainability of this important crop in the future.
